Abstract. Semi-continuous silver film templates are fabricated by focused ion beams (FIB), and surface-enhanced Raman scattering spectra from C60-fullerene deposited on these templates are recorded. Films of silver deposited by thermal evaporation are dry-etched by the ion beams with various etching times. The films tend to become semi-continuous as the etchtime increases. The Raman spectra of C60 show an increase in intensity upon correction with a silver coverage area for increasing etch-times. Increase in Raman intensity is due to the sharp edges of the FIB-etched semi-continuous templates, and the moderate enhancements are attributed to dissipation induced by gallium incorporation. A maximum enhancement factor of about 4×10
INTRODUCTION
The novel plasmonic properties and potential applications of metallic nanostructures have captivated the attention of the scientific community during the past few decades. [1] Nanostructures of metals such as gold and silver that have reasonably low dissipation have been shown to resonantly interact with light over a variety of length-scales, resulting in varied phenomena such as the celebrated extra-ordinary transmission of light, [2] silver super-lenses to focus optical near fields, [3, 4] nano-plasmonic antennas, [5] etc. The two striking features of metallic nanostructures are the extremely large local field enhancements and the drastic modification of the local density of states that becomes possible due to the resonant excitations of the surface plasmons. The large local field enhancements in the nano-structured metal have attracted considerable attention for applications such as templates for surfaceenhanced Raman scattering (SERS), [6] and have enabled even Raman sensitivity at the single molecule level. Intensity of the vibrational modes is strongly dependent on wavelengths of lasers used for excitation in Raman spectroscopy. If the wavelength of incident laser is nearly equal to the surface plasmon excitation wavelength, the intensity of the modes is enhanced by a resonant excitation of surface plasmons. Silver and gold are typical metals for SERS experiments, because their plasmon resonance frequencies fall within the visible and near-IR region of electromagnetic spectra with very small dissipation.
Porous and semi-continuous metallic films have been shown to have large amplified local electric fields near the surface through surface plasmon excitation. [7] To generate porous structures, wet chemical etching has been utilized, [8] and it has also been reported that depositing ultrathin metal films can serve as SERS substrates. [9] Although very large local field enhancements of the order of 10 10 have been theoretically predicted for Raman scattering, [7, 10] measured numbers in terms of enhancement factors tend to be of the order of 10 4 to 10 7. [9] This raises questions of why large enhancements are not observed in practice. One possibility is that physical vapor deposited and chemically etched porous nanostructures have smoother edges. It is well known that electromagnetically interacting sharp corners with lower symmetries tend to have larger enhancements of local fields compared to interacting smoother metallic surfaces like spherical particles. [11] A highly nonequilibrium dry-etching process, such as with an ion beam, can be used to produce porous and semi-continuous films with sharp features. The focused ion beam (FIB) with its inherent high resolution that results in sharp edges, better processing, and spatial control as well as an isotropic etch, can be utilized for this purpose. But the FIB-based nano-fabrication technique has one notable disadvantage due to the incorporation of gallium (primary beam) into the structures during the fabrication process. [12, 13] Fabrication of semi-continuous metal films by the top down process using FIB for spectroscopic applications is an interesting area to be explored. One possible approach may be Raman spectroscopy, which can be used to acquire information about the vibrational modes of molecules. Hence we were motivated to use dryetch silver films with FIB to examine their Raman responses. FIB-based dry-etching to fabricate semi-continuous silver films and its SERS response by depositing C60-fullerene on these templates have been investigated. In spite of sharp edges and semi-continuous nature of the templates, the moderate enhancements are attributed to gallium incorporation induced dissipation.
EXPERIMENTAL DETAILS
Thin films of silver were deposited on glass substrates using a thermal evaporation system at a pressure of 5×10 -6 mbar. The thickness of the films was monitored by a quartz crystal thickness monitor, and the thickness of the film was fixed to be approximately 150 nm. FIBbased etching was performed with an FEI (Hillsboro, Oregon) Nova 600 Nanolab dual-beam FIB system, which is comprised of a high-resolution field emission scanning electron microscope (SEM) and a scanning Ga-metal ion beam column. The field emission gallium ion source combined with high resolution (7 nm) ion optics provides high resolution milling. FIBbased dry-etching was carried out for different time intervals by scanning an area of about 140×110 µm 2 of the silver films with a 30-keV and 3-nA beam. Pixel by pixel FIB scanning was carried out on a fresh spot for different processing times varying between 1 and 10 min. SEM was used to image the changes in the silver film subsequent to the FIB processing. The fullerene (C60) layer of about 40 nm in thickness was deposited again using a thermal evaporation system before and after generating semi-continuous silver films. Micro-Raman spectra were recorded at room temperature in the back-scattering mode using an Ar-ion laser (514.5 nm) with a spot size of about 12 µm and power of 1 mW. The collection time was 60 sec for all the spectra, and the power density was always less than 1 kW/cm 2 to avoid heating effects. Figure 1 shows the SEM images of silver film for FIB-processing times 3, 4, 6, and 10 min, respectively. We could observe from the images that the film tends to become semicontinuous as we increased the processing time. Finally, for longer processing times the film tends to become discontinuous with isolated particles of arbitrary shapes, as shown in Fig.  1(d) . It is to be noted that the random semi-continuous films fabricated by FIB appear to have comparatively sharp edges, which could be important for SERS applications where local field enhancements are large. Figure 2 shows the Raman spectra (two different frequency regimes) of C60 deposited on plain-glass, as-deposited silver and semi-continuous silver film templates. The observed Raman modes from C60 deposited on glass show small humps with very low intensity, and on silver, a maximum intensity with distinct modes. All observed modes are identified (Table 1 ) and compared with different reports on SERS spectra of C60 deposited on silver. [14 -16] (8) We observed that predominantly the A g and H g modes and the most intense mode was the A g (2) mode; however, maximum enhancement was observed for H g (3) mode. Apart from these, F 1u , G g, and A u modes were also observed in spite of being Raman inactive. It is also important to note that in the present work we have observed greater numbers of such forbidden transitions. The increased number of forbidden modes is attributed to symmetry lowering, molecular distortion, electronic effects, or a combination of all three due to strong C60-silver interfacial interaction. [17] The calculated enhancement factor (the intensity ratio) for A g (2) and H g (3) modes for all of the samples is plotted in Fig. 3(a) as a function of FIBprocessing time. This plot indicates that maximum enhancement occurs for both H g (3) and A g (2) modes for C60 deposited on continuous silver film, and the enhancement factor appears to decrease as a function of FIB-processing time. It is clear from the SEM images (Fig.1) that the grainy structured continuous film transforms into semi-continuous film with nanoparticles on a local level with a much lowered coverage of silver. Analysis of the SEM images was performed by converting to binary images, and the coverage area of silver was determined using the ImageJ software. [18] As the FIB-processing time increases, the silver coverage area decreases, and this would decrease contribution to the Raman scattering. To account for this effect, the enhancement factor was divided by the fraction of the area of silver coverage computed from the SEM images. This is plotted in Fig. 3(b) and shows an increase with FIB-etching time in comparison to Fig. 3(a) . The SERS enhancement observed for these modes is due to the surface plasmon resonance of the semi-continuous Ag templates, which couples the incident light into the fullerene molecule very effectively. . The legends refer to the FIB etching time. indicates that as a function of FIB-etching time, the enhancement factor is small and moderate for smaller and longer processing times, respectively. The coverage area of silver reduces to less than 1/5 of the initial value, and the corresponding corrected enhancement factor increases only 2.5 times. The possible reasons for the moderate enhancement factors are: 1. for short FIB-processing times, ion beam-induced smoothing of silver film may result in reduced SERS hot-spots, and 2. for long FIB-processing times, the enhancement is not as dramatic as expected due to gallium ion incorporation into the silver films, which is responsible for increased dissipation and the reduced SERS hot-spots. Ion fluence calculated for FIB-processing times range between 6.7×10 15 ions/cm 2 and 1×10 17 ions/cm 2 for 1 and 10 min, respectively. Such a high fluence of gallium implantation into the silver films justifies the quenching of surface plasmons due to dissipation. Further studies on the surface plasmon resonance width would be required to quantitatively establish this.
RESULTS AND DISCUSSIONS
The enhancement factor for silver-based templates prepared by several techniques has been reported to be in the range of 10 to 335, and the maximum effective enhancement factor in the range of 10 5 to 10 7. [9, 19 -24] Only molecules within a very small area around the metallic structures that lie within localized surface plasmon fields contribute to SERS, as pointed out by several groups. With a conservative assumption of an effective volume with a radius of 50 nm (10 nm thickness of C60 film), we have calculated the maximum effective enhancement factor to be 4×10 6 in our case. This value is comparable with other reported values, as shown in Table 2 . This factor can be further increased by reducing gallium incorporation-induced dissipation, for example, by further treatments. That will be the focus of future work. 
CONCLUSIONS
Fabrication of semi-continuous silver film templates by focused ion beams and control of the film properties by processing time are demonstrated. C60-fullerene deposited on these templates is utilized for investigating the SERS response. The enhancement factor corrected for the coverage area of silver indicates a maximum enhancement for the 10-min FIB-etched template. The moderate enhancement factors are attributed to the smoothing effect at smaller processing times and dissipation induced by gallium incorporation at longer processing times. The enhancement factors reported by several groups are comparable with our experimental value (4×10 6 ), and this can be further increased by treating the templates. Possibilities of reducing gallium incorporation are being planned, which will be useful for nanophotonic applications.
